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Microscopic R e v e r s i b i l i t y  f o r  Rates of Chemical 

out wi th  P a r t i a l  Resolut ion of t h e  Product and 

Reactions Carried 

Reactant States 
.k 

4. James L. Kinsey 

The Universiky of W'iseoansin Theore t i ca l  Chemistry I n s t i t u t e  

Madison W is e. ogs i n  5 3 706 

Applicat ions of t h e  p r i n c i p l e  of microscopic r e v e r s i b i l i t y  are 

considered f o r  rates of r eac t ions  measured i n  experiments t h a t  reveal 

some of t h e  dependence on the  r o t a t i o n a l ,  v i b r a t i o n a l ,  andlor  t r a n s l a t i o n a l  

states of t h e  r e a c t a n t s  o r  products. 

a c h a r a c k e r i s t f c  _set of quantum states f o r  t h e  reactants and products,  

suggesting t h e  removal of t r i v i a l  s t a t i s t i c a l  f a c t o r s  ( d e n s i t i e s  of 

s t a t e s )  from t h e  d a t a  t o  retrieve a pure ly  dynamical quan t i ty  

t h e  s t a t e - t o - s t a t e  r e a c t i o n  rate s u i t a b l y  averaged over t h e  i n i t i a l  and 

f i n a l  sets of states a t  f ixed  t o t a l  energy E.  

symmetric wi th  r e spec t  t o  t h e  d i r e c t i o n  of t h e  reac t ion- -e i ther  t h e  

foxward o r  reverse rate  c o e f f i c i e n t  can be  obtained by mul t ip ly ing  

with t h e  proper dens i ty  of f i n a l  states. Thus r e f l e c t s  t h e  

i n t r i n s i c  p r o b a b i l i t y  of t h e  process,  d i s regard ing  the s t a t i s t i c a l  

b i a s  introduced 'by t h e  n a t u r e  of t h e  experiment i t s e l f .  

accura te  computation of s t a t e - d e n s i t i e s  appropr i a t e  t o  several kinds 

3f d e t a i l e d  k i n e t i c  measurements cu r ren t ly  f e a s i b l e  are given. 

Each type of measurement e s t a b l i s h e s  

I 

w (E),  

This quant i ty  is  f u l l y  

Methods of 
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I. In t roduc t ion  

D e s p i t e  t h e  impressive successes of t r a d i t i o n a l  chemical k i n e t i c s  

i n  accounting f o r  t h e  gross  f e a t u r e s  of chemical r e a c t i o n  rates such as 

t h e i r  v a r i a t i o n  wi th  temperature,  our understanding of the relative 

importance of t r a n s l a t i o n a f ,  r o t a t i o n a l ,  and v i b r a t i o n a l  degrees of 

freedom i n  r e a c t i o n  processes has remained h ighly  specu la t ive .  

r e a l i z e d  e a r l y ,  t o  be  s u r e ,  t h a t  unimolecular processes r e q u i r e  t h e  

It was 

p a r t i c i p a t i o n  of i n t e r n a l  degrees of freedom’, b u t  t h e  h i p l i e a t i o n s  of 

t h i s  fact have been ex tens ive ly  exp lo i t ed  only i n  models adopt ing a 

s t a t i s t i c a l  viewpoint at  the o u t s e t  t o  avoid cons idera t ion  of fine- 

grained d e t a i l s  e The dffPicuSty i n  e s t a b l i s h i n g  experimental ly  the  2 

e f f e c t s  of t h e  d i f f e r e n t  degrees of freedom o r i g i n a t e s  i n  the  indeterminacy 

of t h e  i n i t i a l  and f i n a l  molecular states i n  most experiments: The 

r e a c t a n t  s ta tes  are usua l ly  unspec i f ied  except as they are weighed by 

t h e  Bol tmann d b t r i b u t i o n ,  and the  product states are r e s t r i c t e d  only 

by t h e  conservat ion of energy. 

Experimental techniques capable of reso lv ing  t h e  states of t h e  

r e a c t a n t s  andlor produets are needed t o  expose t h e  more d e t a i l e d  a spec t s  

of t he  r eac t ions .  Although t h e  r e a c t a n t  t r a n s l a t i o n a l  motion can be  

w e l l  con t ro l l ed  i n  molecular beam experiments and widely va r i ed  wi th  t h e  

use of s p e c i a l  techniques such as supersonic o r  chargeexchanged beams , 
t h e r e  is no u s e f u l  method a t  t h e  present t i m e  f o r  s e l e c t k g  i n t e r n a l  

states of t h e  r e a c t a n t s  over a wide range of i n t e r n a l  ene rg ie s ,  Resul t s  

have, howeverP begun to appear on p a r t i a l l y  resolved analyses of t h e  

states of t h e  products  of bimolecular r e a c t i o n s  s tud ied  by (a) i n f r a r e d  

3 
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ana lys i s  of t h e  products i n  crossed molecular 

( e )  ve loc i ty -  o r  

beam r eac t ions  ., 6 

The r eac t ions  s tud ied  by these  techniques are t y p i c a l l y  

exoergic,  s o  t h a t  any of t he  cont r ibu t ions  t o  Che t o t a l  energy 

2 

state- 

q u i t e  

of the 

products i s  f r e e  t o  range OVF,I 2 span much l a r g e r  than the v a r i a t i o n  

allowed by t h e  experimental corxditions i n  the total energy i t se l f ,  

of t h e  i n f r a r e d  chernilumfnesceace reactions4', C1+HT.+H@I+I serves 

as an example, I f  a crude line-of-centers model is used t o  account 

f o r  t h i s  r e a c t i o n ' s  roughly 0,7 kcal/mole Arhennius aeti17ation energy 

i t  is predic ted  that over 90% of t h e  r eac t ions  occur wi th  reactcint 

energ ies  ( t r a n s l a t i o n a l  p lus  r o t a t i o n a l )  i n  t h e  range 2 a 553 5 kcal/mole e 

Relative t o  t h e  product  - ground state,  which l ies 31.7 kcaE/mole below 

t h a t  of t h e  r e a c t a n t s ,  t h e  energy is t h e r e f o r e  34.2&J.S kcal/mole. 

One 

The p r i n c i p l e  of microscopic seve r s ib i l . i t y7  permits t h e  t rans-  

formation of d a t a  on produet s t a t e  d i s t r i b u t i o n s  i n t o  information about 

t h e  dependence of the  rates of t h e  reverse (endoergic) processes on 

t h e  d i v i s i o n  of t h e  available energy among r o t a t i o n a l ,  v ibra t iona l ,  

and t ransXationa1 modes. This i s  no t  merely 811 academic e x e r c i s e  

giving nothing more than a d i f f e r e n t  r ep resen ta t ion  of the same da ta :  

In gene ra l  only "a typica l"  r eac t ions  (low thresholds,  l a r g e  c ross -sec t ions)  

can be  s tud ied  by these  new teehniques.  

th resholds  a t  least equal  to t h e i r  e n d o e r g i c i t i e s ,  are much more l i k e l y  

t o  be  r e p r e s e n t a t i v e  of the major i ty  of chemical processes.  Data on 

unusual r eac t ions  are thus axehanged f o r  d a t a  c3n more ordinary ones. 

The +@verse r e a c t i o n s ,  having 
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Each experimental technique reveals d i f f e r e n t  aspec ts  of t h e  

d i s t r i b u t i o n s ,  some of them more d e t a i l e d  than o t h e r s .  I n  applying 

t h e  mic ro - reve r s ib i l i t y  p r i n c i p l e  t o  t h e  b e s t  advantage, it, is im- 

po r t an t  t o  inco rpora t e  a l l  t h e  d e t a i l s  produced by a given experiment 

while  excluding a l l  those  t h a t  are no t .  The purpose of t h i s  paper is 

t o  o u t l i n e  t h e s e  cons idera t ions  f o r  a number of experimentally i n t e r g s t i n g  

cases ,  and t o  de r ive  working equations for each. The f u l l y  resolved 

i n f r a r e d  chemiluminescence experiments have a l ready  been analyzed i n  

two papers by Anlauf, Maylotte, Polanyi 

and Tardy9, bu t  w i l l  a l s o  be included here .  

8 and Berns te in  and by PoLanyS 

11. Microscopic R e v e r e i b i l i t y  

Symmetries i n  t h e  equations of motion of a dynamic system 

genera te  r e s t r i c t i o n s  on t h e  s o l u t i o n s  of t hese  equations usua l ly  

i n  t h e  form of conservat ion l a w s ,  

i n  t h e i r  genera l  a b i l i t y  t o  l i m i t  pos s ib l e  kinds of s o l u t i o n s  o r  t o  

e s t a b l i s h  r e l a t i o n s h i p s  between s o l u t i o n s  even though none of t h e  aetua: 

s o l u t i o n s  may be known. When t h e  Hamiltonian is  invar ianz  t o  t i m e -  

reversal" a second s o l u t i o n  t o  t h e  time-dependent Schrodinger equat ion 

(or  c l a s s i c a l  equations of motion), d i f f e r i n g  only i n  t h e  d i r e c t i o n  of 

t h e  motion, can be  immediately obtained from any given s o l u t i o n  by t h e  

opera t ion  of t ime-reversal  on t h e  o r i g i n a l  s t a t e -vec to r  (or t r a j e c t o r y )  

The express ion  of t h e  consequences of time-reversal symmetry i n  terms 

of t r a n s i t i o n  rates i s  known as the  "p r inc ip l e  of microscopic r eve r s ib$ l i ty" .  

Although such a p r i n c i p l e  can be  formulated f o r  any kind of process ,  our 

The power of t hese  r e l a t i o n s  lies 

11 , 



discuss ion  will be  r e s t r i c f e d  t o  binary c o l l i s i o n s :  

The "prodiicts" C and D can e i t h e r  b e  the same chemical spec ie s  as the  

r eac t an t s "  A aiid B ( i n e l a s t i c  s c a t t e r i n g )  o r  d i f f e r e n t  frm them 

(chemical r e a c t i o n s ) .  

I1  

Our system w i l l  be  assumed to be sncl.cssed, by a f i n i t e  con ta ine r ,  

bu t  one whose size is  l a r g e  enough e h a ~  t h e  allowed t r a n s l a t i o n a l  

energies are e s s e n t i a l l y  continuous Present ly  i n  f a c t  tye s h a l l  

adopt a continuous d e s c r i p t i o n  of t h e  t r a n s l a t i o n a l  motiong which is  

equiva len t  t o  allowing t h e  conta iner  t o  become i n f i n i t e .  It is  con- 

venien t ,  howeverc', t o  be  a b l e  i n i t i a l l y  t o  spec i fy  unambiguowly a 

normalizable  state of t h e  r e a c t a n t s  o r  products by a composite d i s c r e t e  

l a b e l  y y inc ludes  a set  of  i n t e r n a l  quantum numbers n 

descr ib ing  t h e  e l e c t r s n f e ,  v i b r a t i o n a l ,  and r o t a t i o n a l  state of t h e  

p a i r  of molecules and t h r e e  t r a n s l a t i o n a l  quantum numbeps 'r describing 

t h e i r  re la t ive t r a n s l a t i o n a l  motion. 

f o r  t h e  observable  states of t h e  system, i S e o g  be fo re  o r  a f t e r  a 

c o l l i s i o n  has occurred, b u t  s i n c e  i t  does not  t ake  t h e  i n t e r a c t i o n  

i n t o  account i t  cannot properly desc r ibe  t h e  system during a c o l l i s i o n .  

Hence, t h e  states s o  doscribed are not s t a t i o n a r y  states of t h e  

Hamiltonian. If t h e  system i s  prepared a t  t i m e  t = O  i n  one of t h e s e  

states y i t s  wave func t ion  w i l l  evolve i n  t i m e ,  developing amplitudes 

i n  o the r  states y p  having t h e  same t o t a l  energy. The squares of t h e  

amplitudes are t h e  p r o b a b i l i t i e s  f o r  t r a n s i t i o n s  from y t o  y', 

This d e s c r i p t i o n  is  appropr i a t e  
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p(y+y' ; t) a 

a t  a l l  t i m e s  p(Y+?i"; t )  = p(Y J. Y ;t& where ? is t h e  s t a t e  obtained 

by time-reversal of Y etc.  This r e l a t i o n s h i p  obviously a l s o  holds  

f o r  t h e  t r a n s i t i o n  rate, w = (dp/dt)  : 

The p r i n c i p l e  of microscopic r e v e r s i b i l i t y  r equ i r e s  t h a t  

N, - 
t = O  

I.e., t he  rate of t r a n s i t i o n  between two given states i.tl t h e  forward 

d i r e c t i o n  is t h e  same as the rate of t r a n s i t i o n  i n  the reverse. 

d i r e c t i o n  f o r  the time-reversed skates. It i s  e s s e n t i a l  t o  inc lude  the 

opera t ion  of t i m e  r e v e r s a l  of t h e  states fo r  the  reverse process .  There 

is no necessary re la t ion between w(Y4 fl and w(Y'+ Y) unless  requi red  

by a d d i t i o n a l  symmetry p rope r t i e s .  Figure 31, following B similar f i g u r e  

of Bla t t  and Weisskopf'*, i l l u s t r a t e s  t h e  d i s t i n c t i o n  between t h e  two 

d i f f e r e n t  i nve r se  processes .  

Although t h e  complete symmetry of Eq. I. i s  extremely appeal ing,  

i t  impl ies  a p e r f e c t  knowledge of t h e  i n i t i a l  and f i n a l  s ta tes ,  inc luding  

t h e i r  t r a n s l a t i o n a l  quantum numbers. For a l l  experimental ly  i n t e r e s t i n g  

s i t u a t i o n s ,  howeverp, t h e  t r a n s h t i o n a l  states are s o  c lose ly  spaced i n  

energy t h a t  t h e i r  complete quantum s p e c i f i c a t i o n  is  out of t h e  quest ion;  

and, what is more s e r i o u s ,  our knowledge of t h e  i n t e rna l  states is  alss 

usual ly  incomplete.  

t h e  exact  s ta te  of our knowledge s o  t h a t  a l l  t h e  known d e t a i l s  can b e  

u t i l i z e d  without  r e s o r t i n g  t o  guesswork on t h e  unde te rdned  ones. 

measurement t h a t  fa i ls  t o  p r o ~ i d t ?  8 complete quantum s p e c i f i c a t i o n  of 

t h e  s ta te  of t h e  system e s t a b l i s h e s  in s t ead  a - set of s t a t e s ,  any one 

We wish to cons t ruc t  r e l a t i o n s h i p s  t h a t  reflect 

A 



of which may b e  t h e  real, state of t h e  system, 

would conta in  - all t h e  f a l l y  described states whose prope r t i e s  are 

cons i s t en t  wi th  t h e  measurements e Since a l l  the  information about 

t h e  s t a t e  of %he system should be  incorporated i n t o  the d e s c r i p t i o n  

of t h e  set of stakes, go d i s t i n c t i o n s  are. poss ib l e  among the members 

of t h e  set. 

Such a s e t  of states 

we w i l l  denote by i" t h e  sa& of f n i t i a l  ( r e a c t a n t )  states 

and by r '  t h e  set  of find (product) states es t ab l i shed  by any ex- 

periment. 

states a t  t i m e  t 4  (even though w e  have no way of knowing which one) 

but develops s imultaneously amplitudes i n t o  - a l l  t h e  f i n a l  states, the 

Since a given, molecule can be  i n  only _1L one of t h e  i n i t i a l  

phys ica l ly  meaningful rate is  t h e  average over t h e  i n i t i a l  set r and 

t h e  - sum over t h e  f i n a l  set This sum-average w i l l  b e  ind ica t ed  by 

a s u p e r i o r  ba r :  

r ' .  

Y The sum extends over a l l  values of Y i n  I' and of Y v  in l". 

is  t h e  number of va lues  of Y i n  t h e  set r--the "sizesr of t h e  set. 

For t h e  reverse process the r o l e s  of t h e  ewa sets are interchanged: 

w e  must average over I" (now t h e  i n i t i a l  s t a t e s )  and sum over I' 

(now t h e  f i n a l  s t a t e s ) .  I n  terms of  if t h e  l a w  of microscopic 

revers i b  i 1 i t y  b e c Omes 
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Since time-reversal synamatry guarantees  a one-to-one correspondence 

between each state and i c s  time-reverse no d i s t i n c t i o n  is needed 

between N and NF, e tc .  r 
For an a r b i t r a r i l y  l a r g e  conta iner  the t r a n s l a t i o n a l  states 

approach a cont inum, This  allows t he  convenience of t r e a t i n g  t h e  

t r a n s l a t i o n a l  motion i n  terms of continuous v a r i a b l e s ,  bu t  a t  t h e  cos t  

of t h e  a b i l i t y  t o  d i s t i n g u i s h  ind iv idua l  states and hence of t h e  

a b i l i t y  t o  -- count s ta tes ,  

included wl th in  given interva3.s of t h e  chosen v a r i a b l e s  must b e  

obtained from t h e  produet of t h e  dens i ty  of states wi th  r e spec t  t o  

these  v a r i a b l e s  t i m e s  t h e  d i f f e r e n t i a l  ranges of a l l  t h e  va r i ab le s :  

dN =P ( a , @ ,  ...) dad6 ... 

Instead, t h e  number of t r a n s l a k i o n a l  states 

T T  

The expression f o r  t h e  dens i ty  of states PT depends on t h e  

p a r t i c u l a r  choice of independent v a r i a b l e s  b u t  i n  any case i t  i s  

propor t iona l  t o  t h e  volume of t h e  conta iner ,  

p a r t i c l e s  the  t o t a l  t r a n s i t i o n  rate is a l s o  propor t iona l  t o  t h e  

con ta ine r ' s  s i z e ,  Hence, i t  is  customary t o  use, r a t h e r  than the 

(divergent)  dens i ty  of states o r  t r a n s i t i o n  rate f o r  a l l  space, the 

dens i ty  of t r a n s l a t i o n a l  s t a t e s  per u n i t  volume 

rate p e r  r e a c t a n t  p a i r  pe r  u n i t  volume CT i s  t h e  product 

of t h e  relative speed v and t h e  cross-  e t ion 0 of the  process  

of i n t e re s t .  Averaging of over a Boltzmann d i s t r i b u t i o n  of 

i n i t i a l  states and summing i t  over a l l  p o s s i b l e  f i n a l  states produces 

t h e  thermal  rate c o e f f i c i e n t  k(T) a 

For a given dens i ty  of 

and t h e  t r a n s i t i o n  

The independent v a r i a b l e s  t o  b e  used in our desc r ip t ion  of 
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t h e  t r a n s l a t i o n a l  motion axe t h e  relative k i n e t i c  energy 

d i r e c t i o n  SZ of t h e  r e l a t i v e  ~ e l ~ c i t y .  The number of t r a n s l a t i o n a l  

states per  u n i t  volume wi th in  che ranges dET and d Ci is  independent 

of t h e  d i r e c t i o n ,  Henee i t  is given by t h e  fract2oa of a sphere  

occupied by t h e  incremental  s o l i d  angle  d SZ t i m e 3  ehe t o t a l  number 

ET and t h e  
4 

2^ 

2^ 

3 of t r a n s l a t i o n a l  states in the i n t e r v a l  dE : d NT = (d2;/4.rr)x z 

ET (ET) is t h e  dens i ty  of t ~ a ~ ~ s l a k i ~ ~ ~ a l ,  states with r e spec t  t o  

i r r e s p e c t i v e  of the  d i r e c t i o n  of t h e  relattve marion 13 I 

where p is the  reduced mass of t h e  c o l l i d i n g  molecules. 2he quant i ty  

AT, defined by E q .  4 ,  is  introduced t o  s impl i fy  expressions appearing 

below. 

The set  of i n i t i a l  o r  f i n a l  states d is t inguished  by any measurement 

process w i l l  c o n s i s t  of c e r t a i n  combinations of corntfnusus t r a n s l a t i o n a l  

states and d i s c r e t e  i n t e r n a l  states. The appearance of t h e  t r a n s l a t i o n a l  

va r i ab le s  always removes t h e  p o s s i b i l i t y  of count ing  the  states i n  t h e  

sets,  s o  t h a t  d e n s i t i e s  of states are c a l l e d  f o r .  Wfth t h e  incoqo- ra t ion  

of i n t e r n a l  states i n t o  t h e  desc r ip t ion ,  however, t he  t o t a l  energy E 

( r e l a t i v e  t o  t h e  reactant ground skate) becomes a more convenient 

continuous v a r i a b l e  than E s i n c e  t h e  var ious  sets do not  neccessa r i ly  

span simply-connected i n t e r ~ 7 a l s  i n  t h e  t r a n s l a t i o n a l  v a r i a b l e s  e In 

Equation 3 Nr must b e  rep laced  by l.(E) is the  

dens i ty  of states (per  u n i t  volume) i n  the  i n i t i a l  s e t  wi th  r e spec t  t o  

E. S imi la r ly ,  Ny, becomes dNI" = ,$E' (where E '  is t h e  t o t a l  

energy of the ~ r ~ d u c t s  r s l a t i v e  to t h e i r  grotznd state) ,  SO e h a ~  the 

T 
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l a w  of microscopic reve.rs ibif i ty  becomes: 

The d i f f e r e n t i a l s  dE snd. dE' 

conservation,, hme been cancel led out  of Eq. 5. Equation 5 relates 

t h e  forward and reverse 

be expected e5 say  anyEh8ng about t h e  dependence of e i t h e r  c o e f f i c i e n t  

on t h e  t o t a l  energy. 

which must b e  equal. t o  satisfy energy 

- 
's only a t  a fExed t c t a l  energy and cannot 

The fully s p m e m i ~  c p n ~ i t y  u(r,Tp) = a(I" J), defined i n  

E q .  5 ,  is  the  s t a t e - t o - s t a t e  t r a n s i t i o n  rate w (per  u n i t  volume f o r  

each r e a c t a n t  p a i r )  averaged over both t h e  i n i t i a l  and f i n a l  sets of 

states. 

ca l cu lab le  t h e o r e t i c a l l y .  The d e n s i t i e s  of states on t h e  o the r  hand, 

It is a fundamentally dynamical quan t i ty ,  not p re sen t ly  

are pure ly  s t a t i c  e n t i t i e s  determined only by t h e  spec t roscopic  

p rope r t i e s  of t h e  r e a c t a n t s  cx products  and t h e  p r e c i s e  desc r ip t ions  

of t h e  s e t s  of states, I n  the fol lowing s e c t i o n s  w e  show how they can 

r ead i ly  b e  computed to a high  degree a l  accuracy f o r  several cu r ren t ly  

f e a s i b l e  experiments, and how they are t o  b e  used i n  connection with 

e x i s t i n g  experhengal data t o  e x t r a c t  information about t he  E's. 

From Eq_. 5 w e  can see & h a t  t h e  ambigui t ies  inherent  i n  t h e  

i n i t i a l  and f i n a l  sets of states i n  any experiment e f f e c t  t he  observed 
s 

in ~ W O  essential ways: (E)  Any v a r i a t i o n  @E t h e  b a s i c  

dynamical quan t i ty  w wi th in  these  sets is obscured by t h e  averaging 

over both sets. (2)  The measurable quant i ty  is  propor t iona l  t o  
P 
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t h e  dens i ty  of f i n a l  states. In some cases the  lat ter s t a t i s t i c a l  

e f f e c t  is  s u f f i c i e n t  t o  'bias measurements towards predetermined 

q u a l i t a t i v e  t rends  almost independent of tho  v a r i a t i o n  of (d .  The 

following s e c t i o n ,  where s p e c i f i c  examples are considered, should 

c l a r i f y  t h e s e  e f f e c t s  

111. Def in i t i ons  of State Dens i t ies  f o r  S p e c i f i c  S e t s  of States 

A. Completely Determined States 

In t h e  i d e a l  c o l l f s i o n  experiment, we would know ev",rythiing 

poss ib l e  wi th in  t h e  l i m i t s  imposed by quantum mechanics about the 

i n i t i a l  states and l e a r n  everything p o s s i b l e  about t h e  f i n a l  s ta tes .  

The i n t e r n a l  states of t h e  r e a c t a n t s  ~ and products would b e  f u l l y  

determined, even t o  s u b s t a t e  w i th in  a degenerate l e v e l ;  t h e  relative 

inc iden t  t r a n s l a t i o n a l  k i n e t i c  energy ET would b e  s p e c i f i e d  t o  wi th in  

a small range 

be known t o  wi th in  a s m a l l  s o l i d  angle 

been approached i n  t h e  p r e p a r a t i o n  of state- and ve loc i ty - se l ec t ed  beams 

of CsF i n  one set  of experiments14 and i n  t h e  a n a l y s i s  - of CsP 

products from the  r e a c t i o n  C s  -t- SF6 i n  another  s tudy  The extremely 

d i f f i c u l t  i n t e r n a l  s tate determinat ion w a s  accomplished by simultaneous 

use of inhomogeneous e l e c t r i c  f i e l d s  t o  focus given J , M  states ( c e r t a i n  

values of M only) then microwave o r  RF resonance t o  "flop-in'' o r  

"f lop--out" molecules i n  def i n i t e  v i b r a t i o n a l  states (as  i n  molecular 

beam e l e c t r i c  resonance experiments). 

development of t hese  ar ts  f o r  c o l l i s i o n  s t u d i e s ,  i t  is  d i f f i c d t  t o  

dET; and t h e  d i r e c t i o n  of t he  r e l a t i v e  momentum would 

d26. This i d e a l  has a c t u a l l y  

15 

A t  t h i s  e a r l y  s t a g e  in t h e  
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foresee  how widely t h e  

I n  t h i s  type of 

needed would o r i g i n a t e  

techniques w i l l .  be appl icable  e 

determined s i t u a t i o n ,  bhe only density funct ions 

i n  t h e  imposs ib i l i ty  of making 2^ dET o r  d 

exac t ly  zero,  i . e . ,  t h e  densi ty  of t ransLat iona l  states deffned i n  Eq. 4 ,  

(E*) * 

B. Temperature o r  T o t a l  Energy Determined 

A t  t h e  o ther  extreme i n  r e so lu t ion  are experimental  s i t u a t i o n s  

i n  which only t h e  temperature is  known. 

slowly with respec t  t o  a11 o the r  r e l axa t ion  processess  equi l ibr ium 

Boltnnann d i s t r i b u t i o n s  apply t o  ab1 degrees of freedom of the  r eac t an t s  

and products . I n  t h i s  case t h e  thermal. rate c o e f f i c i e n t  k(T) i s  given 

by : 

If t h e  r eac t ion  proceeds 

1 6  

i s  t h e  degeneracy of t h e  gn where 

energy. QI(T) = n n  g exp(-BEn) 

is the  dens i ty  of t r a n s l a t i o n a l  

i n t e r n a l  state n9 and En its 

is t h e  i n t e r n a l  p a r t i t i o n  function; 
s t a t e s  (Eq.  4 )  and QT(T> = (2'fwkgT) 3 1 2  h-3 

is t h e  t r a n s l a t i o n a l  p a r t i t i o n  func t ion  (per  u n i t  volume). P is  (kBT);' 

where kB i s  the  Boltzmann constant .  F ina l  s t a t e  va r i ab le s  have bean 

l e f t  out  of t he  no ta t ion  f o r  t o  s implify t h e  expression. Eq.  6 

involves two d i f f e r e n t  kinds of averaging--one i n  which some experimental  

inf luence can be  exerted by varying t h e  temperature and another ,  involving 

- 

averages of terms wi th  the  same Boltzmann f a c t o r ,  khat cannot be externa:.ly 

var ied .  This d i s t i n c t i o n  hecomes mnre a ~ p ' i r m t  Jf t17p t o t a l  znergy 9 = ET 4- e, 
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is  used as the  independent v+r i ab le  and Eq. 6 fs w r i t k e n  as 

Here fToT(E)  is khe t o t a l  dens i ty  of states a t  ( t o t a l )  energy E: 

The sum i n  Eq. 8 runs over a l l  n f o r  which E n 5 E  and is 
1 

defined below. Figure 2 i n d i c a t e s  t h e  con t r ibu t ions  from r o t a t i o n a l  

sub leve l s  of a p a r t i c u l a r  v i b r a t i o n a l  s tate t o  the t o t a l  dens i ty  a t  

e n e r e  E QT,, (T) = QI(T)QT(T) is t h e  t o t a l  p a r t i t i o n  func t ion ,  - 
and q (E) is  def ined  by 

The i n t e g r a l  d Q/4r is  un i ty ,  so t h e  denomfnator of Eq .  9 is 
A 

(n,E,,Q) over t h e  set  
ST 2A 

(E) i s  t h e  average of 

E .  

T ~ T ( ~ )  

of a l l  states whose t o t a l  energy i s  

t o  e x t r a c t  t h e  energy dependence of 

temperature dependence of QTOT(T) and k(T)7 ,  bu t  the relative 

con t r ibu t ions  t o  (E} from d i f f e r e n t  subse t s  of states s t  khat 

t o t a l  energy are not obta inable  even i n  p r i n c i p l e  without  a d d i t i o n a l  

It is p o s s i b l e  (fn p r i n c i p l e )  

(E) from knowledge of t h e  

information. 
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@ 

For most phys i ca l ly  reasonable  ways i n  which (E) depends 

upon E, t h e  s t rong  damping of t h e  Bctftzmann factor forces a l l  t h e  

apprec iab le  contribucions i n  thermal averages such 8s E q .  7 t o  come 

from energ ies  w i t h i n  a range of a t  worst  a few times 

energy c lose ly  r e l a t e d  t o  t h e  energy EhreshoEd of the reactione 

kBT of an 

In 

these  cages t h e  totaJ. energy of t h e  reactants (and hence of t h e  prodtacixi) 

can be regarded as detepmined ‘ t ; ~  within that accuracye 

experg;lc reacgions ,  t h i s  cpn mean a small f r a c t i o n a l  unce r t a in ly  i n  

t h e  t o t a l  eeergy as measured from the ground state of t h e  products 

as oqr C l S H I  example above demonstrates. !Tho r ecen t  pspers18 have 

Par  h ighly  

examiped, under t h e  assumption of no p a r t q a i p a t f s n  of internal  degrees 

of freedom, t h e  r e l a t i o n s h i p s  between t h e  ArrhenPus a c t i v a t i o n  energy 

and tFe e x c i t a t i o n  func t ion  cr(ET) = (u/2ET) (ET). For a wide 

v a r i e t y  of func t iona l  forms f o r  CT , t h e  a c t i v a t i o n  energy is  approximacal-y 

the threshold  energy when %T 

a large f a c t o r .  The q u a l i t a t i v e  results of t hese  s t u d i e s  a l so  support  

the asserp ion  a t  t h e  beginning; af t h i s  paragraph t h a t  most of t h e  

does not excaed t h e  threshold energy by 

cont r ibu t ions  t o  k carno from a s m a l l  range of ene rg ie s ,  and i t  is  

reasanable t o  presume t h a t  t h i s  would a l s o  be  true for systems where 

t h e  $ n t e r n a l  states a l s o  p a r t i c i p a t e  

C.  Tntapnediate  Resolut ion 

Assuming t h e  t o t a l  energy t o  b e  known, we can consider a 

number of p o s s i b i l i t i e s  f o r  i n t e fmed ia t e  r e s o l u t i o n  between t h e  two 

extreme8 j u s t  discussed. For s i m p l i c i t y ,  our treatment will b e  
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r e s t r i c t e d  to c o l l i s i o n s  i n  which t h e  r e a c t a n t s  as we11 as tho products 

cons i s t  of an atom and a diatomic molecule. The v a r i a b l e s  needed t o  

deacr;ibe t h e  r e a c t a n t s  o r  products are then t h e  v i b r a t i o n a l  and 

r o t a t i w a l  quantum numbers of t h e  diatomic molecule (V and J> t h e  

p ro jec t ion  of t h e  molecular angular momentum on an e x t e r n a l  axis (MI 

t he  r e l a t i v e  k i n e t i c  energy 

momentum C! a Although d i r e c t i o n a l  v a r i a t i o n  of ra te  c o e f f i c i e n t s  can 

ET, and t h e  d i r e c t i o n  of the r e l a t i v e  
A 

be measured i n  molecular beam experiments, t h i s  p re sen ta t ion  w i l l  assume 

i n  the interest  of simplicity t h a t  a l l  q u a n t i t i e s  are averaged over 

qngles, s o  tbat  $2 can be  dropped from cons idera t ion .  Each of t he  
A 

cases described below corresponds t o  d e f i n i t e  assumptions about t h e  

meagunempnt process ,  i,e-, which of t h e  remaining v a r i a b l e s  are de ter -  

miqed i n  an experiment and which are no t .  The c o r r e c t  dens i ty  accompanying 

any g i v p  d e s c r i p t i o n  of a set  of states is ,  of course,  independent of 

whether t hese  are t h e  i n i t i a l  o r  f i n a l  states i n  a process.  In  d i s -  

cpssivg s p e c i f i c  experiments, however, i t  2s sometimes necessary t o  

d i s t i n g u i s h  botween t h e  r e a c t a n t  and product states.  Therefore,  where 

it is  appropr ia fe  t o  make such d i s t i n c t i o n s ,  the i n i t i a l  s ta te  variab3.98 

w i l l  qppear unprimed and t h e  f i n a l  s ta te  v a r i a b l e s  primed. 

qenofe, r sspecgive ly ,  t h e  t o t a l  energy r e l a t i v e  t o  t h e  r e a c t a n t  and 

psoclyct groqnd states: E'=E-I-&Do9 where Do i s  t h e  ground-state t o  

ground-state exoe rg ie i ty  of t h e  r eac t ion .  

E and E '  w i l l  

, 

For each of t h e  cases discussed a c o r r e c t  quantum mechanical 

expression w i l l  be  given f o r  t h e  state dens i ty .  

a p p l i c a t i o n s ,  however, i t  w i l l  q u i t e  o f t e n  b e  "cue t h a t  such a pre-  

I n  p r a c t i c a l  
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s c r i p t i p n  cannot b e  followed, e i t h e r  because t h e  enzrgy-level spectrum 

is i n s u f f i c i e n t l y  well-known QT because t h e  experimental  energy reso- 

l u t i o n  is  no$ sharp  enough t o  warrant  a f u l l y  d i s c r e t e  desc r ip t ion  of 

t h e  i n t e r n a l  states. For these  ins tances ,  i t  is d e s i r a b l e  t o  have 

approximate expressions obtained from continuous approximations t o  thq 

r o t a t i o n a l  and/or v i b r a t i o n a l  levels. 

Wiqhin the  continuous assumption i t s e l f  several levels of . D .  . .  
. .  

approximation can b e  d is t inguished  f o r  t h e  d e n s i t i e s  of r o t a t i o n a l l  

v$bra t iona l  states. Even when t h e  internal .  levels are a l l  known. 

accura te ly ,  Smoothly varying "average" d e n s i t i e s  may b e  d e s i r a b l e  f o r  

creating experimental  d a t a  taken a t  such low re so lu t ion  that. t h e  

quantum sp ikes  i n  t h e  t r u e  d e n s i t i e s  are unresolvable .  These d e n s i t i e s  

Can b e  obtained by d i f f e r e n t i a t i o n  of su r faces  (o r  curves) through 

$he I?, ( V , J )  points as funct ions  of V and J. (EI is  the i n t e r n a l  

energy re la t ive t o  t h e  ground state.)  

dens i ty  of r o t g t i g n a l  states f o r  a f ixed  V, 

1; ' 

I 
I n  t h i s  approximation t h e  

(VI  would b e  given b;y J 

qnd t h e  densicy of v i b r a t i o n a l  states f o r  a f ixed  va lue  of J, V(J) 9 

would b e  
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Figure 3 shows t h e  r o t a t i o n a l  d e n s i t i e s  of Eq. IO f o r  the 

vw$ous v i b r a t i o n a l  states of the e l e c t r o n i c  ground s tace  of 

the roca t ion-v ibra t ion  Btates are known. i n  t h i s  case from exact 

numeriGa1 s oLution of t h e  Sehrodinger equatian" f o r  a h i g h l y  accu ra t e  

intergtomic p o t e n t i a l  function". 

f a c t o r  a r i s i n g  from nuclear  s p i n  s ta t i s t ics  is  absent  i n  the  f igu re ,  

Tf  cqn b e  taken i n t o  account f o r  t r e a t i n g  orkhs-para H2 mixtures 

simply by mul t ip ly ing  t h e  d e n s i t i e s  shown by a f a c t o r  of t h r e e  f o r  

t h e  odd r o t a t i o n a l  levels (dark circles i n  t h e  f i g u r e ) .  

H2. A l l  

The 3 t o  k or ths /pa ra  weighting 

Except for a few molecules contgining hydrogen o r  deuterium, 

t l ~ e r ~ :  are i n s u f f i c i e n t  d a t a  on t h e  energy levels f o r  appl icat ion a€ 

formulas svch as E q s .  $0 and 11. For many molecules,  however, t h e  

4tal;qratomic p Q t e n t i a l s  may b e  w e l l  established from Rydberg-Klein-Rees 

f i t s  t o  spec t roscopic  d a t a  o r  less w e l l  from some o the r  source.  Useful 

and h ighly  accura te  d e n s i t i e s  can b e  obtained i n  these  cases from s e m i -  

cl,assical theory.  A I 1  these expressions o r i g i n a t e  in t h e  WKB equat ion 

I;ql,atiag V, J ,  and t h e  corrqspopding, energy level (V,J) ., Derivar 

. t$pns of expressions f o r  t h e  var ious  d e n s i t i e s  i n  t h e  I D  approximatipp 

@re given i n  t h e  Appendix. 

69ll,ow$ng energy levels rather than 

mgasqred relative t o  t h e  minimum i n  the potent ia l .  r a t h e r  than Prom t h e  

quaneum-plechanic+ ground state,  $ . e . ,  the zero-point v i b r a t i o n a l  

ensl;gy is  included i n  

The symbol 

E 

fs used h e r e  and i n  the  

t o  i n d i c a t e  t h a t  they are 

For many purposes a crude, e a s i l y  computable approximation is 

svEf Scient  

qwtar-harmonic-osciJJator" (RRHO) model, a ~ ~ i i n - i n e  t h e  iztema!. l~1ve2.s 

Sucb an approximation is  obtained by a Y 1 ~ ~ n t i n u o ~ ~  rLgid- 
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t o  'be given by 

w$th V: aqc$ J regarded as continuous r a t h e r  than  d i s c r e t e  v a r i a b l e s .  

Again denotes t h e  energy re la t ive t o  t h e  p o t e n t i a l  minimum, In 

has t h e  sane t h i s  approximation t h e  dens i ty  of r o t a t i o n a l  states 

value (hc@,)-l, f o r  a l l  v ibra t iona l .  states 

stat;es is also a constant :  

dens i ty  of i n t e r n a l  states (both r o t a t i o n a l  and v i b r a t i o n a l )  a t  a given 

inpa rea l  energy is ,  i n  t h i s  approximation, given by 

s 
The dens i ty  of v i b r a t i o n a l  

= (hv0)-' f o r  a l l  values  of J. "he v 

$xpreGsions f o r  t h e  o the r  var ious  d e n s i t i e s  are e a s i l y  de r ivab le  from 

these  apd w i l l  be  given i n  t h e  appropr ia te  s e c t i o n  below. 

RR'HO estimates are crude, they g ive  t h e  co r rec t  genera l  t r ends ,  and 

w e n  $he q u a n t i t a t i v e  agreement i s  acceptab le  f o r  many molecules. In 

t h e  sectiws below where ind iv idua l  experimental  cases are discussed 

Although t h e  

many of 

facfoy 

por rec t  

t h e  state d e n s i t i e s  w i l l  be  repor ted  i n  t h e  form of a co r rec t ion  
* 

t h a t  must b e  appl ied  t o  the R M Q  estimate t o  g ive  t h e  
* 

values  : 

Figure 4 shows t h e  cor rec t ions  t o  khe t o t a l  dens i ty  of states, 

f o r  H2 i n  t h e  true quantum C ~ S B  and i n  the WKB approxgmatiqn * 
TOtAL 

an4 t h e  WKB r e s u l t  f o r  t h e  Rydberg-Klein Rees I2 potentia121. The 
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o rd ina te  is t h e  r a t i o  of t h e  L o t d  energy to t h e  d i s s a e i a t i o n  energy 

(both measured from t h e  p o t e n t i a l  minimum) e 

Over t h e  p a s t  d.ozen years  o r  s o  J. Polanyi  and C Q - W O T ~ ~ , ~ ~ S  have 

per fec ted  t h e  techniques f o r  obsematiota of i n f r a r e d  chenrilunxLnescence4 

t o  Che po in t  t h a t  now they cifn observe the r a d i a t i o n  emfttad €rom newly- 

formed chemical products  before their v i b r a t i o n a l  or rotat2onal dis- 

t r i b u t i o n s  are apprec iab ly  relaxed,  

_--lllll 

The reactants (azm 4- diatomic mo.$ecrjj e) 

. i n  these  experiments i s s u e  from a p a i r  of mixing je ts  giving essentfal2-y 

thermal. d i s t r i b u t i o n s  f o r  t h e  reactant va r i ab le s .  The r eac t ions  s t td i ec l  

gre mostly q u i t e  exoergic ,  s o  t h a t  t h e  t o t a l  anergy of t h e  products 2s 

known t o  reasonably good f r a c t i o n a l  accuracy as previously discussed,  

The measurements determine t h e  relative rates of formatiolz of t h e  

var ious r o t a t i o n a l  and v i b r a t i o n a l  states of t h e  products (5' and V', 

bu t  no t  M ' ) .  The relative k i n e t i c  energy can be  obtained (with sone 

unce r t a in ty )  by d i f fe rence :  EtT = E'-E;(IV',J'>, These measurements 

on the  product states represent  t he  c l o s e s t  approach accomplished a t  t h e  

present  t i m e  t o  t h e  i d e a l  of complete determinat ion.  

however, g ive  any information about t h e  angular  d i s t r i b u t i o n  of 

produccs e 

They do no t ,  

Since no d e t a i l s  are known about t h e  r e a c t a n t  states, t h e  appro- 

p r i a t e  dens i ty  of states f o r  them is  the t o t s 1  dens i ty  of states at 

energy E (relative t o  t h e  ground s ta te  of t h e  r e a c t a n t s ) .  The observed 

rate c a e f f i c i e n t s  are averages over a l l  r e a c t a n t  states having t h e  gfven 
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energy (see Eq. 9 ) .  For t he  products ,  t h e  only unspec i f ied  v a r i a b l e s  

are t h e  angular  momentum p ro jec t ion  quantum number 

aE t he  relative momentum 6. 
of states is t h e  product of t h e  t r ans l a t iona l .  dens i ty  a t  each i n t e r n a l  

level and t h e  degeneracy of t h a t  level 

M and t h e  d i r e c t i o n  

Therefore  che dens i ty  of t h e  f i n a l  set  

EI(V' ,J') is  t h e  i n t e r n a l  energy of t h e  V'  ,J.' v ib ra t ion - ro t a t ion  

state relative t o  t h e  ground state of t he  products.  
- 

Figure 5 shows w values  f o r  t h e  reactiora CL+HI+€iC1+I as 

func t ions  of t h e  f r a c t i o n s  of t h e  t o t a l  energy of the products i n  

q r a n s l a t i o n a l ,  r o t a t i o n a l ,  and v i b r a t i o n a l  degrees of freedom a t  t h e  

f$xed va lue  of t h e  t o t a l  energy corresponding t o  average thermal  

i q t e r n a l  and t r a n s l a t i o n a l  energ ies  above t h e  threshold .  These values 

were obtained from Eq.  5, using t h e  dens i ty  of states def ined i n  Eq. 14  

with t h e  d a t a  of Maylotte and Polanyi4'. 

t h i s  f i g u r e  are t h e  same as are shown i n  a d i f f e r e n t  method of pre- 

s e n t a t i o n  i n  f i g u r e  la  of r e f .  8a. Since t h e r e  w a s  only a s i n g l e  s e t  

of i n i t i a l  s t a t e s  f o r  t hese  experiments t h e  w's are p ropor t iona l  t o  

ehe rate c o e f f i c i e n t s  f o r  t he  reverse process .  

The quant ig ies  d i sp layed  i n  

- 

2. E and V known bu t  no t  E ,  J, o r  M: Chemical Lasers and Ear ly  

I n f r a r e d  Chemiluminescence 

Ro ta t iona l  r e l a x a t i o n  usua l ly  occurs two o r  three orders  of 

mapr?itird- m n r p  r z ; f A l - -  4 - J  cL-r. YL.-l. y i + ; h y - C 2  . -....-u-~azl rc lm;z t l~ r i .  ZGS iiiakes it - 
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poss ib l e  t o  observe r e a c t i o n  products wi th  e s s e n t i a l l y  completely 

relaxed r o t a t i o n a l  degrees of freedom but with  t h e  v i b r a t i o n a l  

p o p y b t i o n s  u n a l k q e d  by relaxation. This was the  case in i n f r a r e d  

chemiluminescgnceea experiments prjlor t o  t h e  most recent improvannents 

i n  technique$, and is  the  c u r r e n t  c a p a b i l i t y  of chemical lasers 5 

I n  both these  types of experiments t h e  reactants are thermal ( internally 

and t rwxs la t ionq l ly ) .  

This s i t u a t i o q  digfers from the one previously discussed only 

i n  t h e  lqss of knowledge of $he product r o t a t i o n a l  state d i s t r i b u t i a n ,  

Therefore t h e  dens i ty  of t h e  product stares is t h e  sum of the d e n s i t i e s  

given i n  Eq. 16 overr all rotat ional .  states wi th  t h e  given v i b r a t i o n a l  

quantum number that  are access ib l e  at t h e  e x i s t i n g  t o t a l  energy E’: 

* 
where J” i s  clef ined by E; (V ,J*+l)~E~E~ (V, J ) In the RREEO 

apgroyimation, t h i s  becomes: 

* 
e hvoV/ = V/V is t h e  fraction of t h e  total energy f V  vhqre 

v ib ra t ion .  Fig,  6 i l l u s t r a t e s  t h e  dependence on fV of the  ~~~~~~~y 

value (1-fV)3’2 

ene rg ie s ,  cmput;ed wi th  d i s c r e t e  r o t a t i o n a l - v i b r a t i o n a l  energy levels 

and the poin ts  +re f o r  HF a t  two different 
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22 obtained from t h e  spec t roscopic  cons tan ts  given by Webb and Rao 

The RRHO approximation is seen  t o  b e  q u i t e  good f o r  t h i s  ease. 

. 

The chemical laser r e s u l t s  of Parker and Pimentel' f o r  t h e  

relative rates of formation of HF i n  d i f f e r e n t  v ibra t iona l .  states 

from t h e  r e a c t i o n  

Assuming t h e  t o t a l  energy of t h e  products to b e  t h e  sum of t h e  reeeticn 

exoe rg ic i ty ,  t h e  Arrhenius a c t i v a t i o n  energyp and average thermal con- 

t r i b u t i o n s  from t r a n s l a t i o n  and r o t a t i o n  (E'= 

and us ing  t h e  RRHO va lues  f o r  t h e  d e n s i t i e s  of states, we can estimate 

t h a t  w(V'=2) /G(V'=l)%l4 and w(V'=3) /EJ(Vr=2)C20. The first of 

t hese  r a t i o s  fol lows much more r e l i a b l y  from t h e  Parker and Pimentel  d a w  

than t h e  second because t h e  V'=3 level has such a l a r g e  f r a c t i o n  of 

t h e  t o t a l  energy i n  v i b r a t i o n  t h a t  estimates of t h e  dens i ty  of states 

f o r  product molecules wi th  t h a t  v i b r a t i o n a l  quantum number are extremely 

s e n s i t i v e  t o  t h e  va lue  of t h e  t o t a l  energy assumed. The d a t a  themselves 

may be  ques t ionable .  have s tud ied  t h e  same r e a c t i o n  

by i n f r a r e d  chemiluminescence. They f i n d  t h e  same q u a l i t a t i v e  t rend  i n  

v i b r a t i o n a l  populat ions b u t  t h e i r  r a t i o s  are q u a n t i t a t i v e l y  d i f f e r e n t .  

F+H2+HI?(V' )+H are k(V'~a>/k(V'- l )~5,5,k(v 'c3)  /k(VP=2)%l.6. 

o+Ea+5/2RT~3pC 8 kcalkfnill; 

- 

9 Polanyi  and Tardy 

3. E, and E Known b u t  n o t  V , J ,  o r  M: Molecular B e a m  Veloci ty  Analysis 

Since t h e  a c t u a l  i n t e r n a l  levels of a given molecule are 

separa ted  by d i s c r e t e  i n t e r v a l s ,  i t  i s ,  s t r i c t l y  speaking, only 

f o r  
ET 

poss ib l e  t o  have at  zny given t o t a l  energy those  va lues  of 

which t h e  d i f f e r e n c e  E - ET 

energ ies .  

corresponds t o  one of t h e  i n t e r n a l  

The j o i n t  dens i ty  of states per  u n i t  volume (with r e spec t  



22 

t o  both E aud E ) is given by: 
T 

( u n i t s  ergm2 cmU3>, 

with r e spec t  t o  E a lone ,  i t  would be neeessa-ry EO i n t e g r a t e  Eq. 1 7  

over a range of t r a n s l a t i o n a l  anerg ies  ( d i c t a t e d  by the  experimengal 

condi t ions)  whi le  holding t h e  t o t a l  energy consknat. 

evalua t ions ,  however, t h e  average of d2N /dEdET over the range of ET 

suf f i c e s  : 

For an abso lu te  evaluaeion of khe dens i ty  of s t a t e s  

Por re la t ivr  

(E ) i s  t h e  quantum dens i ty  of i n t e r n a l  states ( t h e  d e l t a -  I9 1 
where 

func t ion  sum of Eq. 17). 

I f  t h e  experimental  r e s o l u t i o n  were good enough t o  d i s t i n g u i s h  

t h e  con t r ibu t ions  from t h e  ind iv idua l  i n t e r n a l  l e v e l s g a  knowledge of 

t h e  spectrum of t h e  molecule would al low assignment of V,J quantum 

numbers t o  t h e  states and only PI would remain undetermined. This 

ease has been t r e a t e d  i n  t h e  d i scuss ion  of t h e  i n f r a r e d  chemiluminescences 

experiments. I n  p r a c t i c e ,  however, measuremerats of E even a t  t h e  b e s t  

r e s o l u t i o n  p resen t ly  a t t a i n a b l e  c a l l  f o r  averaging over a l a r g e  number 

of i n t e r n a l  l e v e l s .  Within t h e  range o f  t r a n s l a t i o n a l  energ ies  of t he  

averages 

T 

does no t  change apprec iab ly ,  bur  t h e  spiky s t r u c t u r e  i n  
‘I 
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is  smoothed ou t ,  giving 
IQ 

is t h e  average dens i ty  of i n t e r n a l  states,  smoothed 

over s e v e r a l  i n t e r n a l  levels. 

Since t h e  t r a n s l a t i o n a l  densicy of s t x t e s  e m  always b e  expressed 

exac t ly ,  t h e  r e l i a b i l i t y  of any eva lua t ion  of Eq.  3.9 depends upon the 

es t imate  used f o r  The R W O  expression f o r  t h e  intehna4 s ta te  

dens i ty  is ,  as previously noted (h2cyoBe) Pig. 7 shows some 

cor rec t ion  f a c t o r s  I(RRFIQ) as func t ions  of t h e  ra t io  of 

t h e  i n t e r n a l  energy t o  t h e  d i s s o c i a t i o n  energy (from t h e  p o t e n t i a l  mfunimuii). 

The va lues  shown are f o r  t h e  exac t  H 

but  no t  v i b r a t i o n a l  states, WKB values  f o r  t h e  t r u e  

values f o r  a Morse func t ion  f i t  t o  t h e  

I RKR potentia121. 

-1 

levels19 smoothed over r o t a t i o n a l  2 

H2 p o t e n t i a l ,  WETE 

H2 p o t e n t i a l  and WKB f o r  the 

The WKB expreoeion f o r  t h e  i n t e r n a l  state? dens i ty  2 

is discussed in d e t a i l  i n  ehe Appendix. It reproduces t h e  t rend  of 

t h e  c o r r e c t  r e s u l t  even f o r  as s t rong ly  quantum a molecule as 

For diatomic molecules wi th  reduced masses g r e a t e r  than Q f ~ w  atomic 

mass u n i t s ,  t h e  WKB approximation is probably q u i t e  good ap. all. energ ies  

above t h e  ground state. 

H2" 

Use of t h e  RI-IHO expression f o r  gives t h e  following 
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estimate f o r  t h e  dens i ty  defined i n  Eq. 19: 

(TrnS+- IET)  is 0 where A is t h e  quan t i ty  def ined  in Eg. 4 ,  and 

a f a c t o r  containing t h e  dependence on 

t o t a l  energy i n  t r a n s l a t i o n :  

T 

t he  f r a c t i o n  of the  

This quan t i ty  is  shown i n  Fig.  8. 

bel ieved i n  d e t a i l  owing to t h e  crudeness of t h e  RRHO approximation, 

i ts  q u a l i t a t i v e  f e a t u r e s  are co r rec t :  t h e  dens i ty  

be s m a l l  when f T  

occur near  fT = 3.13. Here w e  have a good example of a s t a t i s t i c a l  

b i a s  introduced by the experiment. 

for  a given r eac t ion ,  t h e  measurable rate c o e f f i c i e n t  i n  v e l o c i t y  

ana lys i s  experiments, being t h e  product  of w and the. dens i ty  of f i n a l  

states (see Eq. 5) w i l l  tend t o  peak a t  in te rmedia te  va lues  of 

Reduction of t h e  d a t a  t o  lii thus has  two virtues: It gives a f u l l y  

symmetrical quan t i ty  from which e i t h e r  t h e  forward o r  r eve r se  ra te  can 

be obtained simply by mul t ip ly ing  by t h e  appropr i a t e  dens i ty  of states,  

and i t  e x t r a c t s  from t h e  measurements a pure ly  d y n m i c a l  quan t i ty  from 

which t h e  t rends  forced by t h e  na tu re  of t h e  expertmerit have been removed. 

Although t h e  f i g u r e  is not  t o  be 

is  near e i t h e r  zero o r  un i ty  and i ts  m a x i m u m  w i l l  

- 
Whatever t h e  dependence of w on ET 

f r o  1 

- 
Fig. 9 shows w vs. f f o r  t h e  r e a c t i o n  K+I +KI+I, obtained using 

Eq. 20 ( t h e  KREEO expression) wi th  t h e  molecular beam v e l o c i t y  ana lys i s  

T 2 
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6d da ta  of GilPen and Bermstein 

r eac t ion  K+HBwHBr+H, taken from Ehe d a t a  of Gillen,e-f:. a16'. 

Fig. 10 is  a s i m i l a r  graph f o r  t h e  

The 

- 
K+12 r e s u l t s  are an example of  a s t rong ly  varying w t h a t  opposes t h e  

s ta t i s t ica l  f a c t o r  contained i n  the  dens i ty  of states, 
- 
w f o r  t h i s  

b u t  not so skrong3y 
f T  3 

r e a c t i o n  is  sharp ly  peaked at a small. value of 

tha t  i t  keeps t h e  experimental  ( a l s o  shown i n  the figure.,) from 

going t o  zero as f T  goes ts zero. F igure  9 alcv shows the w thag 

would r e s u l t  from either of t ~ w  P i m i c i a g  assumptiofis 

L_D 

I 

i.e that  all 

t h e  i n t e r n a l  energy b e  i n  t h e  form of e i t h e r  fa) rorakional E ( b )  

v i b r a t i o n a l  e x c i t a t i o n  (but  n o t  bo th) .  (The seeming a b i l i t y  t o  arrive 

a t  LWO cont rad ic tory  63's from the same se t  of d a t a  is n o t  the paradox 

i t  f i r s t  appears t o  be.  I n  each case9 t h e  average t r a n s i t i o n  p r o b a b i l i t y  

of some s e t s  of states i s  obtained.  The s e t  Qf product states 

a s soc ia t ed  with t h e  mom d e t a i l e d  information is smaller i n  accord wi th  

B 

- 
t h e  more s p e c i f i c  desc r ip t ion .  The average af  t h a t  w over a l l  

combinations of product ro t a t iona l -v ib ra t iona l  states having a given 
- 

i n t e r n a l  energy would reproduce t h e  less d e t a i l e d  w. East of the 

combinations would, however, have cont r ibu ted  nothing t o  the average, 

since t h e  i n t e r n a l  energy would not  a l l  be  concentrated en t i r e ly  into 

t h e  assumed mode,) 

The K-%HBr r e a c t i o n  ( f i g .  2.0) shows a much less dramaticallby 
4 - 

varying w, so t h a t  t h e  dependence of is l a r g e l y  governed by that 

of @,ET). It; may even be $me that t h e  K+JBr da t a  could 'nave 

been f i t :  by Constraining to have t h e  ET dependence of t h e  density 

of states ( E q .  21).  The blowup a t  fT+l is  a s soc ia t ed  with t h e  lack  

of p e r f e c t  knowledge of t h e  t o t a l  energy. The barge. va lues  arise 
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from d i v i s i o n  of r ap id ly  decreasing experimental  va lues  (see f i g .  32 

of r e f .  24) by even more r ap id ly  decreasing state d e n s i t i e s .  

4 .  Rota t iona l  S t a t e  Determined-: Molqeular Beam S t a t e  Analysis 

S t a t i c  four-pole o r  ten-pole electric f i e l d s  can b e  used do 

22 focus molecular beams of po la r  diatomics i n  def in iLe  J , M  states a 

Assuming t h a t  no f u r t h e r  d e t a i l s  are  k~owrr. except for t h e  totd. e12erg-y 

E,  t h e  set of states ind ica t ed  by t h e  measurement cons i s t s  of a l l  the  

access ib l e  vibrat ional .  states (each accompanied by t h e  t r a n s l a t i o n a l  

energy requi red  to keep t h e  to ta l .  energy f ixed  a t  E), 

t h i s  set of states is defined by 

The dens i ty  of 

* 
where V 

t h e  dens i ty  would have t o  be summed over a l l  t h e  poss ib l e  va lues  of 

that parameter,  g iv ing  an a d d i t i o n a l  f a c t o r  of (2.74-1): 

satisfies EI (V* , J> -- <WEI  ( V % l ,  J) . I f  M ware a l s o  u n ~ ~ t ~ r ~ ~ ~ ~ d  

In t h e  RRHO approximation, t h e  d e n s i t i e s  of Equations 23 and 24 become: 
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where fR(J)  

fR=hcBeY (JS.1) 1 

J(Ji-1) has  been ignored].  WKB approximations t o  these d e n s i t i e s  arc 

is  t h e  f r a c t i o n  of t h e  t o t a l  energy i n  r o t a t i o n :  

[ i n  Eq.  26, t h e  d i f f e rence  between (J+&)2 arid 

discussed i n  t h e  Appendix. Fig.  II shows t h e  f R  dependence of Eq.  26, 

= frl” [1-fR]3’2 and, i n  t h e  upper par t  co r rec t ion  f a c t o r s  
* 

f o r  t h e  a c t u a l  HF molecule and f o r  a - d i s c r e r e  r ig id- ro tor -  

harmonic-osci l la tor  approximation t o  t h e  BF levels ( i . a . ,  w i n g  the 

B and vo  of HF) a t  two d i f f e r e n t  energ ies .  e 

No da ta  are y e t  a v a i l a b l e  f o r  e i t h e r  of t h e  analyses  discussed 

i n  t h i s  s e c t i o n ,  b u t  such measurements are wi th in  t e c h n i c a l  c a p a b i l i t i e s  

and w i l l  c e r t a i n l y  b e  repor ted  i n  t h e  near f u t u r e .  
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Appendix I: Semi-classical, Dens i t i e s  of States 

I n  t h e  W K B  approximation, t h e  v i b r a t i o n a l  and r o t a t i o n a l  

quantum numbers”, V and J, of a diatomic molecule are r e l a t e d  t o  

by t h e  following equation 

I1 

I t h e  i n t e r n a l  energy 

$b J(R) is t h e  u s u a l  e f f e c t i v e  in te ra tomic  p o t e n t i a l ,  giv@n i n  

terms of t h e  a c t u a l  p o t e n t i a l  

( A h )  q$?(R) = (#Le) -k I 

i f  t he  Langer c o r r e c t i o n  is  made i n  t h e  WKB approximation, o r  by 

if t h e  c o r r e c t i o n  i s  n o t  made. R arid R2 are the c l a s s i c a l  

tu rn ing  po in t s .  They depend both on and on J. m is  t h e  

reduced mass of t h e  diatomic system. 

is measured r e l a t i v e  t o  t h e  minimum of 9 

1 

as previously noted, 

For a f ixed  va lue  of Y, t he  dens i ty  of v i b r a t i o n a l  states  

ran be obtained by d i f f e r e n t i a t i a n  of Eq. A l :  
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The expression for t h e  densi ty  of r o t a t i o n a l  states €or a fixed value 

of V involves two WKB i n t e g r a l s  

The p a r t i c u l a r  value of J a t  which Eq. (A41 i s  to be evaluated 

must be  the one giving the chosen value of V i n  Eq. A I .  

The t o t a l  densi ty  of inkerna l  states, r o t a t i o n a l  and 

v i b r a t i o n a l ,  a t  a given i n t e r n a l  energy can be obtained by in t eg ra t ing  

( e,,J) over a11 values  of J f o r  which i b  is  pos i t i ve .  v 

* 
at J = J ( zI) , t he  minimum of is e I above %he 

minimum of (R) .  With some care, the order  of i n t e g r a t i o n  
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i n  Eq. A5 can be reversed t o  produce the fol lowing one-dimensional 

quadrature  f o r  1: 

The dens i ty  of vibrational-~r~~slationaE states f OY a given value of 

J (See Eq. 23) can be defined in t h e  swi-classical approximation by: 

There is a f i n i t e  lower l i m i t  i n  Eq. A7 because t h e  minimum i n t e r n a l  

energy is  no t  zero b u t  EI (V=o , J )  = o.  P u t t i n g  the expression 

from Eq. A 3  f o r  f and t h a t  of Eq. 5 f o r  pT i n to  AS,  and 

revers ing  the orde r  of i n t e g r a t i o n ,  we ob ta in  

(m is  t h e  diatomic reduced mass, ,& t h a t  of the atom-diatom p a i r )  9 

No correspondingly simple expression has been found f o r  the 

joint ro t a t ion - t r ans2a t iona l  densify SOK a given V,  defined by 
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The semi-c lass ica l  eva lua t ion  of t h i s  dens i ty  can b e  ascomplisbsd e i t h e r  

by determining 

i n t e g r a t i o n  as w r i t t e n  i n  Eq. A9 o r  by rep lac ing  ehe summation of 

as a func t ion  of e ' and perfomitlg $he $J 

Eq. 1 7  wi th  i n t e g r a t i o n  using WJX?3 values f o r  I(v,J) e 

The t o t a l  dens i ty  of states ( t r a n s l a t i o n a l  and ~~~~~~~~~ of 

the  atom-diatom system ( see  Eq. 8) is  def iped semi-c lass ica l ly  by 

from Eq. 5 and, as before, PT from Eq. 86 ,  I Using 

inve r t ing  t h e  order  of t h e  e I and R i n t e g r a t i o n s ,  we o b t a i n  

t h e  fol lowing s i m p l e  form 

A l l  t he  state d e n s i t i e s  no t  involving t r q n s l a t i o n a l  energy 

-1 have cgs u n i t s  of e r g  . When t r a n s l a t i o n a l  degrees are included, 

a5 i n  Eq's. A8-All, t h e  d e n s i t i e s  are per unit volume, 80 t h a t  tho  

cgs u n i t s  are e r g  cm . -1 -3 
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Figure Captions 

Fig. 1: Figure take? from B l a t t  and Weieqkopf" showing the  

d i f f e rence  between two poss ib le  kinds of inverse  processes.  

The two upper sec t ions  illustrate processes t h a t  a r e  t h e  

t r u e  time-inverses of each other. The lowest s e c t i o n  

i l l u s t r a t e s  a process t h a t  is i n  genera l  unrelated t o  

t h e  o ther  two. 

Fig. 2: Schematic i l l u s t r a t i o n  of the cont r ibu t ions  from &he 

r o t a t i o n a l  sub-levels of a p a r t i c u l a r  vibraCi.onsl s~cate 

t o  t he  t o t a l  dens i ty  of states at: some t o t a l  energy 

r e l a t i v e  t o  t h e  graupd state. 

E 

Fig. 3: Semi-logarithmis p l o t  of the dqnsi.t;ies of r o t a t i o n a l  

s t a t e s  €or  var ious v i b r a t i o n a l  $taQes qf the ground 

+ ) e l e c t r o n i c  s ta te  of H computed from ~ q .  1 
g 2 a  

Open c i r c l e s  a r e  f o r  the  even J s t a t e s ,  dark c i r c l e s  

f o r  t h e  odd J s t a t e s .  The energy (given relative t o  

the  ground s t a t e )  i s  i p  un i t s  of cm , hence the  up zit^ 

of p are cm.  

-1 

Fig. 4: Correct ion f a c t o r  f o r  obtaining the t o t a l  densi ty  of 

s t a t e s  from t h e  RRHO approximation value,  p l o t t e d  vs. 

t he  r a t i o  of t he  t o t a l  energy t o  the  d i s soc ia t ion  ~~~~~ 

(both measured r e l a t i v e  t o  the  p o t e n t i a l  ~~~~~~~~~ 

f u l l  curve is  the  quantum r e s u l t  for  

curve is t h e  WKB approximation $0 i t ,  The lower (long- 

The 

HZ, and the  dashed 
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dashed) cumo is the analogous WKB r e s u l t  fo+ S 2 

Fig.  6 :  Dependence on the fraction of tc>t;al energy i n  v5bration 

an the density of r o t a t i a n a l - t r a ~ s l a t i o ~ ~ ~  states  for 

full circles ~ . Y B  the quantum J P I J S U ~ ~ S  far HP at a t o t a l  

energy of 40,000 em-' above tho ground state. 
I 

Fig. 7: Correction factors f o r  obtaining densities of 
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f i t  t o  t h e  t r u e  Ha p o t e n t l a 1  was used i n  t h e  WKIB 

computation. %he lower curve shows t h e  WIG3 r e s u l c  

for t h e  true I2 p o t e n t i a l ,  analogous t o  t h e  WKB 

curve above f o r  M 

~~~~~~~~~e on t h e  f ract ion of khe total energy in tram- 
2" 

l a t i o n  of t h e  dens i ty  of states sf Eq.  3.9 ('the one appro- 

p r i a t e  f o r  v e l o c i t y  ana lys i s  experiments). The curve shown 

is  t h e  RRKO approximation, a r b i t r a r i l y  nor 

~ ~ ~ t y  at  its m a x i m u m .  

The full. curve is t h e  primary d a t a  f o r  ehe raactiod 

I2 -3. K1S.I from r e f .  6 ~ ~ ) ,  nor to ~~~~y a%: its 

maximum. The dashed curve is t h e  obtained from these  

d a t a  (also normalized t o  un i ty  a t  i t s  maximum) using t h e  

dens i ty  of states of Eq. 2 1  in Eq. 4. The dot ted  callrv~ 

is t h e  r e s u l t  fo r  'i;i t h a t  would be o 

original d a t a  if it were a l s o  determined t h a t  a l l  of the 

internal.  energy of t h e  prgducts was t o  be  found i n  e i t h e r  

r o t a t i o n a l  - or v i b r a t i o n a l  energy, bu t  no t  both ( see  

d i scuss ion  i n  t e x t )  
- 

Fig. 10: w obtained from t h e  molecular beam v e l o c i t y  ana lys i s  

experiments of r e f .  6(c) p lo t tod  vs t h e   io^ of the 

t o t a l  enfargy in ~~~~~ ~~~~~~ B 

i s  spur ious .  It is  mainly a t t r i b u t a b l e  t o  

i n  t h e  t o t a l  energy. 
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Pig.  11: The lower f i g u r e  is the RRHO dens i ty  of skates f o r  

experiments in which t h e  rotational quancum ntmber J 

i s  determined but  nothing else is known except fhe t o t a l  

energy. 

the maximum--see Eq. 2&), The upper curves are C ~ ~ L X X ~ ~ . G X I  

f a c t o r s  for obta in ing  the trize density f o r  t h i s  experi~entaf  

s i t u a t i o n  from t h e  RRHO estimate. Curves A and E are  

for discreke rigid-roesr-harmonic-oscillatop Levels c o m p z l t ~ j ~  

wi th  t h e  vo and B e  f o r  HF a t  ene rg ie s ,  r e spec t ive ly ,  o f  

5000 and 20000 cm above the grour,:! sts te .  Curves C and 

D are f o r  t h e  - t r u e  HF levels a t ,  r e spec t ive ly ,  5000 and 

20000 cm-' 

(The curve is arbitrarily normalized to unity a t  

-1 

above t h e  ground state. 
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